The leakage current (IL) annealing at the elevated temperatures and the corresponding changes of the DLTS spectra of defects for fast neutron irradiated Silicon detectors, fabricated on high (4-6 kn-cm), moderate (0.5-1.0 kR-cm), and low(<lOO l2-cm) resistivity silicon material, have been investigated. For all the resistivities, three annealing stages have been observed: 1) the transformation of carbon related defects at 72 "C; 2) slight decrease of the peak Ec -0.4 eV at 150 OC, and 3) si@cant decrease of the peak Ec -0.4 eV at 350 "C. The leakage current has been found to decrease monotonously in the temperature range of 20-150 "C. A sharp decrease of IL was observed at 350 "C due to the annealing of the V-V center for heavily irradiated detectors, whereas 1, showed a slight saturation tendency for detectors irradiated to low neutron fluence. The V-V center has been found to be dominant in the formation of the Ec -0.4 eV peak and in the annealing of the leakage current. For low resistivity detectors, an anneal at 72 "C was needed to stimulate the decrease of the effective impurity concentration (Neg) of the detectors irradiated by h g h neutron fluence(1-2)x1014 dcm'. In addition, low resistivity detectors have been found to be tolerant in terms of Nefl stability to the 350 "C anneal, favorable to the recovery of IL after irralation with high neutron fluence.
I. INTRODUCTION
The applicability limit of high resistivity silicon detectors in the large collider uith a sigmficant neutron background arises mainly from the increase of the effective concentration of ionized space charges N,and the detector full depletion voltage. ['41 Such behavior results from the increase of radiation induced defect concentration which exceeds that of the main dopants. One of the possible ways to overcome these dillidties may consist in the use of Si detectors with a lower starting resistivity (p) r4%nd this possibility should be further investigated by analytical tools such as the deep level transient spectroscopy (DLTS).
EXPERIMENTAL
The present study consisted of DLTS measurements of neutron induced defects with deep levels in the range of 77-300 K. The main defects were identified additionally by isochronal annealing of defects at elevated temperatures. The measurements were carried out for low (po<lOO R-cm), moderate (p0=0.5-1.0 WZ-cm), and high (p0'4-6 k R-cm ) resistivity Si p' -n-n" junction detectors. The parameters of the detectors used in this study is listed in Table I . The low resistivity silicon detectors were irradiated to the fluence (0") of 1013 to 2 . 5~1 0 '~ n/cm' , the moderate resistivity ones to 10'' to lo'* dcm', and the high resistivity ones to IO'* to 6x10" dcm'. The annealing temperatures of 150 "C and 350
"C were chosen to correspond to the annealing of the dominant leakage current components -vacancy-phosphorus (V-P) and singly charged divacancy (V-V) centers, respectively. The duration's of the all elevated temperature anneals were one hour.
RESULTS AND DISCUSSIONS
Similar DLTS spectra were observed in the entire range of neutron fluences for all detectors. The parameters of observed defects are summarized in Table 11 . Three peaks with the energy levels of Ec -0.17 eV, Ec -0.23 eV and Ec -0.40 eV in the upper half of the forbidden gap (the defects V-V and V-P are not resolved in the Ec -0.40 eV peak) could be visualized in case of h g h fluence irralation of moderate and high resistivity Si after the annealing at 150 "C and 350 "C , respectively. Visible DLTS measurements could not be obtained for these tughly compensated detectors unless elevated temperature annealings were performed. Just after irradiation the spectra corresponding to the deep levels in the lower half of the forbidden gap included overlapping peaks 0-7803-2544-3195 $4.00 0 1995 IEEE and a resolved one of a small amplitude. The overlapping with uncontrollable ratio of the constituents was revealed in highly compensated detectors (in high resistivity Si, even at O,, about 10" n/cm2) which could be removed by annealing at elevated temperatures. were averaged and a linear generation rate of 1.85km was obtained from the data:
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This carbon related transformation could proceed at room temperature within a few days or be stimulated by annealing at -75 "Cy as we have previously observed for alpha-particle irradiated detectod6]. Adhtionally, in moderate resistivity Si detectors, C,-0, concentration continued to grow even after the exhaustion of C;. The reasonable explanation is that in irradiated Si detectors, electrically inactive C, in the as-processed detectors can be excited by irradiation, which is in turn captured by 0, atoms during migration in crystal lattice, affecting the fast changes in Nefl
The annealing at 150 "C and 350 "C resulted respectively in the slight (10-30%) and sigruficant amplitude decreasing of the peak Ec-0.4 eV, as shown in Table ITT Hence, the peak at Ec-0.4 eV is dominated by the V-V center rather than V-P complex.
The detector leakage current annealing has been found to correlate with the changes in DLTS spectra. The stage of low temperature annealing (72 "C) occurred simultaneously with fast transformation of carbon related defects in Si detectors just after radiation. The reverse current annealing at 150 "C was more pronounced compared with the amplitude decrease of the peak & -0.4 eV, as shown in Fig. 3 . The annealing of the V-V center at 350 "C was accompanied by further decrease of the leakage current. The latter has showed a slight saturation tendency in the case of low @, , whereas for highly irradiated detectors a sharp decrease of more than a order of magnitude has been found. These results suggest the difference in the contribution of singly charged divacancy center to the leakage current in low and highly irradiated detectors and the ambiguity in the origin of the detector leakage current. >30 days) . Still, in practice it was needed to stimulate these parameters during the following annealing at 150 "C. The peculiarity of low resistivity detectors consisted in the fact that after irradiation with O,, = (0.8-2)~lO'~ n/cm2 , Ne# could be reduced to values comparable with those for as-irradiated high resistivity Si detectors induced by similar @" (from a few times 10" cm" down to a few times 10l2 an-') only after the 72 "C preliminary annealing. The important applied aspect of this effect is that, in terms of the a workable Ne#, the low resistivity detectors are still more tolerant to the elevated temperature anneal at 350 "Cy which is favorable to the leakagecurrent recovery. 
IV. SUMMARY
detector in this study has shown that the DLTS spectra of the induced deep levels in the forbidden band gap are similar for detectors with various initial resistivities raging from 0.05 k to 6 k S2tm. The carbon related defect transformation is the main factor that controls the annealing of the detector leakage current in the temperature range up to 150 "C. 
